We hypothesized that a mixture of blackberry fruit and leaf extracts may alleviate nonalcoholic fatty liver disease (NAFLD). Rats with diet-induced NAFLD were used to test the hypothesis and explore possible mechanisms. Male Sprague-Dawley rats were orally administered diets 51% of energy from fat and 450 mg dextrin/kg bw (NAFLD-control), 50% ethanol blackberry leaf extract (450 mg/kg bw; BL), 50% ethanol blackberry fruit extract (450 mg/kg bw; BF), the mixture of blackberry leaf and fruit extracts (2:1; 150 mg/ kg bw; BLF), and milk thistle extracts (150 mg/kg bw; positive-control) for 12 weeks. Normal-control rats were fed low-fat diets with 450 mg dextrin/kg bw (20 En% fat diet) Body weight, visceral fat mass, liver triglycerides, serum cholesterol, triglyceride, nonesterified fatty acid, and insulin resistance were all elevated in rats in the NAFLD-control group compared to the normal-controls. Rats in the NAFLD-control group exhibited liver damage accompanied by increased oxidative stress and inflammation compared to the rats in the normal-control group. BL and BLF protected the NAFLD rats against the triglyceride and lipid peroxide accumulation, improved insulin sensitivity and dyslipidemia, and increased the antioxidant enzymes, SOD, and GSH-Px, to levels similar to the normalcontrol group. Further, BL and BLF ameliorated inflammation and hepatocyte damage compared to the NAFLD-controls, and they suppressed mRNA expressions of genes involved in triglyceride synthesis . BLF also modulated the gut microbiota by elevating Lactobacillus and Akkermansia in the feces from the cecum compared to the NAFLD-control group. The integrity of intestinal tissues was improved, and the number of goblet cells was elevated by BLF. In conclusion, BL and BLF prevented high-fat diet-induced liver damage by protecting against oxidation and inflammation-induced injury. BLF (human equivalent 1.3 g/day) might, therefore, be used as a therapeutic agent for NAFLD.
Introduction
The westernization of diets and lifestyles has increased in obesity and metabolic syndromes including non-alcoholic hepatic fatty liver disease (NAFLD) and steatohepatitis that is unrelated to alcohol consumption. 1 Both of them involve excessive fat accumulation (>5% of liver weight) in the liver, and NAFLD is accompanied by hepatic inflammation which can progress to non-alcoholic steatohepatitis. 1 Further, NAFLD occurs in about 60-80% of people suffering from obesity and in 10-20% of people without obesity. 2 
Impact statement
NAFLD is a diet-related metabolic disease with no good drug treatments. Therefore, dietary interventions are needed to alleviate NAFLD. This paper demonstrated that feeding a blackberry leaf and fruit mixture extract can alleviate diet-induced NAFLD in rats. Specifically, the blackberry extract, rich in flavonoids and anthocyanins decreased hepatic triglycerides and lipid peroxides, increased genes related to beta oxidation, decreased those involved fatty acid biosynthesis, alleviated oxidative stress, and suppressed pro-inflammatory cytokine release. The blackberry extract also alleviated gut dysbiosis that was associated with NAFLD by increasing the amount of Lactobacillus and Akkermansia in the feces. This research demonstrated that the extract of a common and inexpensive fruit can help alleviate NAFLD and associated intestinal dysbiosis at a dose equivalent to 1.3 g/day in humans. If this work can be duplicated in humans, it would provide a safe and inexpensive intervention to help alleviate NAFLD.
It is considerably more prevalent in middle-aged men than in women. Further, although the etiology of NAFLD and non-alcoholic steatohepatitis is not clearly understood, it is associated with an increased oxidative burden associated with increased hepatic fat metabolism. 3 One strategy for preventing the occurrence of NAFLD is by modulating fat intake and decreasing oxidative stress. 3, 4 NAFLD is often associated with diseases related to excessive energy and fat consumption such as obesity and insulin resistance 5 which cause the release of nonesterified fatty acids into circulation. 6 High concentrations of non-esterified fatty acids lead to liver injury, and their utilization increases the production of hydrogen peroxide in the mitochondria in the liver. 3 Oxidative stress caused by hydrogen peroxide results in increased production of lipid peroxides and the proinflammatory cytokines tumor necrosis factor (TNF)-a, interleukin-6 (IL-6), and monocyte chemoattractant protein-1 3 ; and this increase stimulates the expression and activity of fatty acid synthase (FAS), stearoyl-CoA desaturase (SCD-1), and acetyl-Co carboxylase (ACC). [7] [8] [9] The increased oxidative stress and inflammation result in an exacerbation of NAFLD. 7 Inflammation may subsequently cause NAFLD to progress to nonalcoholic steatohepatitis, liver cancer, and liver cirrhosis.
Recent studies have shown that obesity results in variations in the Firmicutes/Bacteroidetes ratio in the gut as an excessive energy intake including a low intake of dietary fiber can alter the nutrient status in the gut, which modulates the diversity and composition of gut bacteria. 10 Most nutrients are absorbed in the small intestines and the non-digestible fiber goes to the large intestines where most bacteria live. The bacteria in the large intestine synthesize short-chain fatty acids when metabolizing the undigested fiber. The increase in short-chain fatty acids increases the secretion of peptide YY and glucagonlike-peptide-1, choline hydrolysis to dimethyl-nitrosamine precursors, suppresses bile acid production, and leads to increased inflammation. 11 Excess sugar and lipids have been linked to intestinal and systemic inflammation which may in turn cause live inflammation and subsequent hepatic steatosis. 11, 12 Maintaining a healthy microbiome may help prevent the occurrence of NAFLD, which would decrease inflammation and oxidative stress.
Although preventive and therapeutic agents are needed for fatty liver diseases, only a few are currently available. Non-alcoholic fatty liver (>5% hepatic steatosis without liver injury) is quite common and usually managed by diet and lifestyle aimed at decreasing body weight and improving insulin sensitivity. 13 If the fatty liver progresses to the subsequent stages of hepatitis, fibrosis, and cirrhosis, more aggressive treatment is needed, but there are no current FDA-approved drugs.
14 However, vitamin E and perhaps pioglitazone may suppress inflammation in subjects with steatohepatitis as shown in the trial by Sanyal et al.
14
Ursodeoxycholic acid, biphenyl dimethyl dicarboxylate, glutathione, silymarin, and a blend of flavonolignans from the milk thistle (Silybum marianum Gaertneri) and silymarin have also been used for regenerating a damaged liver. [15] [16] [17] However, although the role of milk thistle in the treatment of NAFLD has been the subject of substantial research, 16 its efficacy remains uncertain and there are no approved pharmaceutical or nutraceutical interventions for NAFLD despite numerous potential therapies have been studied. 18 Therefore, better ingredients for treating fatty liver need to be studied.
Blackberry (Rubus fruticosus) leaves and fruits are reported to decrease insulin resistance, oxidative stress, and inflammation. Anthocyanins including cyanidin-3-glucoside and total alkaloids from blackberry fruits have protective effects against NAFLD in HepG2 cells and rats. 19, 20 In addition, suppressed nuclear factor kappa light chain enhancer of activated B cells signaling by blackberry results in an anti-inflammatory effect in rats with NAFLD. [19] [20] [21] Blackberry leaves also contain flavonoids and their water extracts may have better anti-NAFLD properties. However, the extracts of blackberry leaves and the combination of extracts of blackberry fruits and leaves have not been used to examine the alleviation or prevention of NAFLD in most studies. Here, we hypothesized that the mixture of blackberry fruit and leaf extracts may alleviate NAFLD in an animal model. The hypothesis was examined in a diet-induced rat model of NAFLD using a diet high in fat and cholesterol, since this model may mimic human NAFLD linked to increased visceral fat. 22 
Materials and methods

50% ethanol extract of blackberry leaves and fruits
Freeze-dried blackberry fruits and leaves (Korea Prime Inc., Sungnam, Korea) were ground to a fine powder and extracted in for 24 h in five volumes of 50% ethanol at 25 C. Dried extract powders were then prepared by solvent removal by evaporation at 40 C and 20 hPa using a rotary evaporator at 30 r/min (Bunchi, Essen, Germany) followed by lyophilization in a freeze dryer (Il Sin Bio Base, Dongduchun, Korea). The yields for the blackberry fruits and leaves were 39.0 and 30.8%, respectively. The 50% ethanol extracts of BF and BL contained 12 AE 0.4 mg cyanidin-3-glucoside and 28.3 AE 1.2 mg ellagic acid, respectively, as shown in our previous study. 23 
Animals
Sprague-Dawley rats (aged 11 weeks and weighing 195 AE 11 g) were housed in separate stainless-steel cages in an environmentally controlled animal facility (23 C, 12-h light/dark cycle). The research protocol was consistent with international guidelines and approved by the Animal Care and Use Review Committee of Hoseo University, Korea (No. HSIACUC-18-129).
Diet preparation and experimental design
The modified AIN-93 high-fat diet utilized carbohydrate (20% sucrose and 13% starch) for 33% of energy, protein (casein) for 16% of energy, and the remaining 51% of energy was from fats (49% lard and 2% corn oil). Cellulose (1.5%) was added for dietary fiber. The 50% ethanol blackberry leaf and fruit extracts and their mixture (2:1) were added to the high-fat diet. The high dosage (90 mg/mL) of individual blackberry leaf and fruit extracts reduces triglyceride deposition and the mixture (30 mg/mL) of blackberry leaf and fruits (2:1) had a similar effect on triglyceride accumulation to that of 90 mg/mL of individual blackberry leaves or fruits in HepG2 cells treated with palmitate. The treatment amount of the blackberry extracts was extrapolated from a cell-based study. 23 A 1.5% extract of either blackberry leaf and fruit was supplemented into the high-fat diet for testing the extracts individually. A 0.5% mixture-one-third of the individual blackberry leaf and fruit extract-was supplemented in the high-fat diet for testing the combined effects. The amount of the mixture added into a high-fat diet was the same as the milk thistle, which was used as a positive-control. Since the blackberry extracts contained polyphenols and soluble fibers, dextrin was added in the control diet instead of the blackberry extracts. The control and experimental diets were designed to provide equivalent nutrient contents.
Sixty rats were randomly assigned to six groups: (1) 50% ethanol blackberry leaf (450 mg/kg bw; BL), (2) 50% ethanol blackberry fruit extract (450 mg/kg body weight; BF), (3) the mixture of blackberry leaf and fruit extracts (2:1; 150 mg/kg bw; BLF), (4) dextrin (450 mg/kg bw; NAFLDcontrol), and (5) milk thistle extracts (150 mg/kg bw; positive-control). (6) The remaining 10 rats were fed a low-(20 En%) fat diet as a normal-control group. Throughout the entire 12-week experimental period, the rats had free access to water and their respective diets.
Overnight-fasted serum glucose concentrations, feed and water intakes, and body weights were recorded every Tuesday at 10:00 a.m. Insulin sensitivity was evaluated using the homeostasis model assessment estimate of insulin resistance (HOMA-IR). At the conclusion of the study, rats were anesthetized with ketamine and xylazine (100 and 10 mg/kg body weight, respectively). Epididymal and retroperitoneal fat pads and uteri were surgically removed and weighed. Hepatic insulin signaling was assessed by injecting human insulin (5 U/kg body weight) into the inferior vena cava. Serum samples were then stored at -70 C for subsequent biochemical analyses. Liver damage markers in serum, alanine aminotransferase (ALT), and aspartate aminotransferase (AST) were determined using colorimetric kits (Asan Pharmaceutical Company Seoul, Korea). Livers were removed and stored at -70 C for further study. An ELISA kit (Mybiosource.com, San Diego, CA, USA) was used to determine the serum non-esterified fatty acids (NEFA) concentrations.
Liver glycogen was determined in livers homogenized in 1.5 N perchloric acid treated with a-amyloglucosidase to hydrolyze the glycogen. The glucose concentrations were measured in supernatants using a glucose oxidase kit (Asan Pharmaceutical, Seoul, Korea) 24 and liver glycogen contents were calculated from the glucose concentrations. Hepatic triglycerides were extracted using chloroformmethanol (2:1, vol/vol) as the solvent, and they were resuspended in pure chloroform. 25 Triacylglycerol concentrations were determined using a Trinder kit purchased from Asan Pharmaceutical Co. (Seoul, Korea) after evaporating chloroform and suspending the residues in PBS with 0.1% Triton X-100.
Antioxidant status in the liver
Hepatic lipid peroxidation was estimated using a thiobarbituric acid reactive substances (TBARS) assay kit (Cayman Chemical, Ann Arbor, MI, USA). Hepatic TNF-a levels were assayed by ELISA (R & D Systems, Minneapolis, MN and Amersham Biosciences, Piscataway, NJ, USA, respectively). Antioxidant enzyme activities, Cu/Zn superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px) were determined in liver lysates by using colorimetry kits (Cayman Chemical, Ann Arbor, Michigan, USA and Biovision, Milpitas, CA, USA), respectively. 26 One unit of each enzyme activity was defined as the amount required to achieve 50% inhibition and the enzyme activity was normalized to mg protein in the lysate. Hepatic GSH concentrations were determined by using a GSH assay kit (Sigma Aldrich, St. Louis, MO, USA).
Isolation of liver total RNA and real-time PCR
Liver tissues ground to a fine powder with a cold steel mortar and pestle were mixed with a monophasic phenol and guanidine isothiocyanate solution (Trizol reagent; Gibco-BRL, Rockville, MD, USA) to extract the total RNA which was used to synthesize cDNA by PCR. cDNA in equal amounts was added to SYBR Green mix (Bio-Rad, Richmond, CA, USA) and amplified using RT-PCR (BioRad). Gene expressions were normalized to b-actin. Differences in gene expressions related to hepatic fatty acid synthesis and oxidation were assessed by using RT-PCR primers for sterol regulatory element-binding protein (SREBP)-1c, FAS, carnitine palmitoyl transferase (CPT)-1, TNF-a, interleukin (IL)-1b, and b-actin 26, 27 with at least four replicates per group.
Histological analysis
Liver and intestine samples were fixed in 10%-buffered neutral formaldehyde and embedded in paraffin wax. Hematoxylin and eosin-(H-E) stained histological sections (6 lm thick) were used to quantify liver damage and to examine the changes in intestinal tissue. Glycogen and mucin levels were respectively measured using periodic acid-Schiff (PAS) and Alcian blue staining in the liver and intestinal tissues. The liver damage and glycogen contents assessments at 400Â magnification used two sections randomly selected from six consecutive sections. Liver damage scores were determined by summing each item (nucleus size and shape, cell size and arrangement, and macrophage number) in a histological scoring system. 28 Each item received scores of 0 (no change), 1 (mid), 2 (moderate), or severe (3), with higher scores indicating more damage. Furthermore, glycogen contents were quantified according to red color intensity in PAS-stained liver tissues; lower scores indicated greater glycogen contents. In intestinal tissues, H-E-stained sections were used to measure the area and integrity of intestinal tissues. Goblet cell numbers-an index of mucin production-were measured in the Alcian blue-stained section.
Next-generation sequencing of gut microbiome
Gut microbial composition was quantified in feces by analyzing metagenome sequencing using next-generation sequencing. Bacterial DNA extractions from fecal samples in the cecum of each rat were obtained using a power water DNA isolation kit (MoBio, Carlsbad, CA, USA). Libraries were prepared using PCR products as described in the GS FLX plus library prep guide. 25 Mixtures of DNA capture beads and library-beads were vigorously shaken in a TissueLyser II (Qiagen, Valencia, CA, USA) to create "microreactors" containing both the amplification mix and a single bead. The emulsion was dispensed into a 96-well plate for PCR amplification using 16S universal primers in the FastStart TM High Fidelity PCR System (Roche, Basel, Switzerland). Fecal bacteria DNA was sequenced using Genome Sequencer FLX plus (454 Life Sciences) by Macrogen Ltd. (Seoul, Korea), as reported previously. 29 Mothur v.1.36 was used for 16S amplicon sequencing. 25 We utilized Miseq standard operating procedure for identification and counting of the bacteria in all fecal samples. All sequences were assigned taxonomic classifications using Greengenes 13_8_99 and any sequence identified as mitochondrial, Eukaryota, or unknown was removed. We conducted the picking of operational taxonomic units (OTUs) delimited at 98% identity, which was taxonomically classified by consensus using Greengenes 13_8_99. A relaxed neighbor-joining tree with one representative sequence per OTU was obtained with Clearcut after calculating uncorrected pairwise distances between aligned reads.
Statistical analyses
SAS (version 7.0) was used for data analyses and the results are expressed as means AE standard deviations. Distributions of all parameters were checked by the SAS statement of proc univariate and normal distributions were confirmed for each parameter. Accordingly, one-way ANOVA was used to compare the groups when the results were measured only once at the conclusion of the study. Tukey's test was used for multiple comparisons with significance accepted at P < 0.05.
Results
Body, fat, liver weights, and food consumption
The NAFLD-control group had significantly higher final body weights than that in the normal-control group. However, blackberry treatments did not alter the body weight compared to that in the NAFLD-control group (Table 1) . NAFLD-controls did experience greater weight gain during the 12 weeks than did the normal-control group, but the BL and positive-control groups gained less than the NAFLD-control group. Epidydimal and retroperitoneal fat masses in the NAFLD-control group were significantly greater than that in the normal-control group ( Table 1 ). The BL group exhibited the lowest increase in fat mass among all treatment groups; however, final fat mass was still greater than that in the normal-control group. BLF and positive-control had less epidydimal and retroperitoneal fat masses compared to those of the NAFLD-control group, but still had more than the normal-control group ( Table 1 ). The energy consumption was much higher in the NAFLD-controls compared to the normal-control group; however, there were no significant difference among the blackberry-treated groups. Therefore, differences in energy expenditure rather than energy intake may account for the lower increase in the body weight in the BL and positive-control groups. Rats had about 450 mg of BL or BF and 150 mg of BLF per kg body weight, respectively, each day (Table 1) . Their intakes of BL, BF, and BLF were 3.8, 3.8 and 1.3 g per day, respectively, as human equivalent dose.
Liver morphometry and histology
The NAFLD-control rats had enlarged and steatotic livers, unlike the normal-control group; BL, BF, and BLF protected against liver enlargement and fat accumulation. Compared to the normal-control group, liver weights were elevated in the NAFLD-control group, but BL and BLF partially protected against the liver enlargement ( Table 2) .
H-E staining revealed that the liver tissue morphology deteriorated more in NAFLD-control rats than normalcontrol rats (Figure 1(a) and (c) ). The nuclei and cell sizes were larger than normal, and the cell arrangement and shape were irregular in the NAFLD-controls Figure 1 (a) and (c)). These changes in the NAFLD-control group were associated with ballooning degeneration, an abnormal cell swelling that can result in liver parenchymal cell death due to enlarged cell size. BL and BLF partially protected against the enlargement of the nucleus and the cell size, and their protection was better than that of the positive control ( Figure 1(c) ). Cell damage is exacerbated by macrophage infiltration, which was elevated in the NAFLD-control group. All treatments inhibited macrophage infiltration, and BL and BLF had better inhibition of macrophage infiltration than the BF and positive control treatment (Figure 1(c) ). Thus, BL and BLF protected against the high-fat-diet-induced liver damage. The glycogen deposition visualized by PAS staining was an indicator of liver damage (Figure 1(b) and (c) ). Hepatic glycogen deposition was lower in the NAFLDcontrols than in the normal-controls. Although the treatments increased the deposition, it was still less than that in the normal-control group. Consistent with the PAS staining results, the direct measurement of hepatic glycogen levels revealed low values in the NAFLD-control group that were increased with blackberry treatments (Table 2) .
In contrast to glycogen accumulation, NAFLD-controls had elevated hepatic triglyceride and cholesterol levels ( Table 2 ). All blackberry extract treatments lowered the hepatic triglyceride deposition to levels below than that of the positive-control group. Hepatic cholesterol accumulation was highest in the NAFLD-control and BL and BLF, but not BF, prevented accumulation similar to the positivecontrol group (Table 2) .
The deposition of triglyceride is defined as the sum of triglyceride synthesis and oxidation. CPT-1, the ratelimiting enzyme of fatty acid oxidation, facilitates the transport of fatty acids from the cytosol to mitochondria matrix across the mitochondria inner membrane. The CPT-1 expression was suppressed in the NAFLD-control (Figure 2(a) ), but BL and BLF increased its expression; BL increased it to similar levels as the normal-control group. ACC, FAS, and SREBP-1c expressions were elevated in the NAFLD-control, but BL and BLF protected against the higher expressions of ACC and FAS mRNA, with similar levels as the positive-control group (Figure 2(a) ). BL and BLF also decreased SREBP-1c, but not to the same extent as in normal-controls (Figure 2(a) ).
Liver damage and oxidative stress
High-fat diet-induced liver damage is accompanied by oxidative stress and inflammation. Oxidative stress is regulated by anti-oxidant enzymes and antioxidants. Hepatic malondialdehyde accumulation-an index of lipid peroxide level-was significantly higher in the NAFLD-control group than in the other groups, and it was significantly lower in the descending order of the NAFLD-control, BF, positive-control ¼ BL, and BLF (Table 2) . BF and BL lowered the hepatic malondialdehyde to similar levels as in the normal-controls, and BLF decreased it to less than that in the normal-controls. The hepatic SOD activity was lower in the NAFLD-control compared to that in normal-control group, and it was increased after the treatments with blackberry extracts (Table 2 ). BL and BLF increased it to as much as the positive and normal controls, Hepatic GSH-Px activity and GSH levels were low in the NAFLDcontrol group, but they were increased by the treatments with blackberry extracts, and BLF restored them to normal levels ( Table 2) .
Hepatic TNF-a and IL-1b mRNA expressions-indices of inflammation-were elevated in the NAFLD-control group, but blackberry extracts decreased hepatic TNF-a and IL-1b mRNA expressions as effectively as the positive control (Figure 2(b) ). BLF decreased their expression the most and it was similar to that in the normal-control group (Figure 2(b) ). Similar to the hepatic TNF-a expression, the TNF-a protein level in the liver was highly elevated in the NAFLD-control group, and it decreased in the descending order of NAFLD-control, BF, BL, positivecontrol, BLF, and normal-control groups. BLF reduced the level to as much as in the normal-control (Figure 2(b) ). TNF-a protein levels in the liver showed similar patterns of mRNA expression levels ( Table 2) .
NAFLD-control rats exhibited significantly elevated serum AST and ALT levels ( Table 3 ). Rats that were administered BL, BF, and BLF had significantly lower serum ALT and AST levels, in comparison to the NAFLD-control group, and their decrease was greater than that in the positive-control group (Table 3) . Blackberry extracts decreased serum AST and ALT, demonstrating their protection against liver damage induced by a high-fat diet (Table 3) . 
Lipid profiles and liver triglyceride accumulation
Serum total and LDL cholesterol concentrations were significantly elevated in the NAFLD-control group (Table 3) . BL decreased both concentrations among all groups, and BF and BLF also lowered the levels to as much as that in the positive and normal-control groups.
Serum HDL cholesterol did not differ significantly among the groups (Table 3 ). Serum triglyceride levels exhibited similar patterns as serum total and LDLcholesterol; BL lowered the concentrations the most among all groups. Thus, BL alleviated dyslipidemia (Table 3 ). There were no significant differences in fasting serum glucose concentrations among the groups (Table 3) . Fasting serum insulin levels were highest in the NAFLDcontrol group, but were lower in rats given BL and BLF, and they were similar to those in the positive and normalcontrol rats (Table 3) . HOMA-IR was much higher in the NAFLD-control group than other groups, and it decreased in the descending order of NAFLD-control, BF, positive-control, BL, BLF, and normal-control groups (Table 3) . Fasting serum NEFA levels exhibited a similar pattern as that of HOMA-IR (Table 3) .
Glucose metabolism
Serum glucose concentrations were consistently higher in the NAFLD-control group than in the other groups during 
Park et al. Blackberry and non-alcoholic steatosis 1635
the oral glucose tolerance test (OGTT), indicating that the rats in the NAFLD-control group were glucose intolerant. Glucose tolerance improved in BL, BF, and BLF groups; however, no improvement was evident for the positivecontrol group (Figure 3(a) ). The area under the curve (AUC) of both phases of OGTT was highest in the NAFLD-control, and all treatments decreased the first and second phase AUCs (Figure 3(b) ). BL and BLF lowered the first phase AUC, and the BF and BLF treatments decreased the second phase to as much as that of the normal-control group. However, second phase AUC was not lowered by the positive-control treatment (Figure 3(b) ). The changes in the serum glucose concentrations after intraperitoneal insulin tolerance test (IPITT), and following 6 h of food deprivation, are shown in Figure 4(a) . Serum glucose concentrations were highest in the NAFLDcontrol group. All rats showed a marked decrease in the serum glucose concentrations until 30-45 min after insulin injection; after that glucose levels gradually declined or remained the same in most groups, except the NAFLDcontrol group (Figure 4(a) ). However, serum glucose concentrations rebounded in the NAFLD-control rats at 45 min (Figure 4(a) ). The first phase AUC (0-30 min) was highest in the NAFLD-control rats during IPITT; however, it was not significantly different among the treatments (Figure 4(b) ). The second phase AUC was much higher in the NAFLDcontrol group than that in the normal-control and BL groups; further, although BLF reduced the AUC, it was higher than that of the normal-controls (Figure 4(b) ).
Intestinal tissues
The NAFLD-control group had a lower intestinal surface area than the other groups, and they increased in the ascending order of control, BF ¼ positive-control, BL, BLF, and normal-control groups (Figure 5(a) and (c) ). The integrity of the intestinal tissues was deteriorated in the NAFLDcontrol group. The integrity was improved in the BL, BF, and BLF groups to as much as those of normal controls. The number of goblet cells secreting mucin was lower in the NAFLD-control group, and it was increased in the BL, BF, and BLF groups; the increase for the BLF group was the same as that for the normal-control group ( Figure 5(b) and (c) ). Bars with different letters were significantly different by Tukey's test at P < 0.05. .......................................................................................................................................................... ..
Gut microbiome
The order level bacterial distribution was not significantly different among the groups (Figure 6(a) ). The major bacteria included Bacteroidales, Clostridiales, Erysipelotrichales, Desulfovibrionales, Lactobacillales, and Deferribacterales at the order level (Figure 6(a) ). Akkermansia counts were higher in the BL, BF, and BLF groups then the NAFLD-control group (Figure 6(b) ). Lactobacillus contents of BLF rats were much higher than those of other groups, with counts that were similar to the normal-controls (Figure 6(b) ).
Discussion
Various factors including diets high in fat, fructose, and alcohol initiate hepatic triglyceride accumulation. When liver fat exceeds 5% of the organ weight, it is diagnosed as fatty liver. 30 While the incidence of NAFLD is increasing in parallel with the global increase in obesity, the mechanism remains unclear. We hypothesized that a mixture of blackberry fruit and leaf extracts would help alleviate NAFLD, and tested the hypothesis in rats fed diets high in fat and cholesterol. We also examined the mechanism involved. The high fat and cholesterol diets induced NAFLD; a lower dosage of BLF than individual BL and BF partially protected against NAFLD by suppressing the mRNA expression of genes involved with fatty acid synthesis and potentiating antioxidant enzyme gene expression. Interestingly, BLF increased the amount of Lactobacillus and Akkermansia in the gut and enhanced the integrity of intestinal tissues and the percentage of goblet cells in the intestines. Therefore, BLF may be a therapeutic candidate for NAFLD.
Blackberry leaves and fruits contain flavonoids and anthocyanins that were extracted with 50% ethanol in the present study. Wang et al. 20 showed that blackberry anthocyanin-rich extracts exhibit the largest decrease in fat accumulation in oleic acid-induced steatosis of HepG2 cells and the highest inhibition of reactive oxygen species generation among various berries; this may be attributed to the presence of different anthocyanins. Anti-oxidant activity may be one important mechanism by which the extracts protected against NAFLD since vitamin E has been demonstrated to be protective against NAFLD in humans.
14 Cyanidin 3-O-glucoside has an inhibitory effect on triglyceride deposition that is more than that of delphinidin 3-glucoside, pelargonidin 3-glucoside, and 20 In the present study, BF and BL contained cyanidin 3-glucoside and they suppressed triglyceride accumulation in the livers of rats fed a high-fat diet. Total alkaloids of blackberry roots have previously been shown to alleviate hepatic triglyceride accumulation by reducing mRNA expression of FAS and ACC in rats fed high-fat diets. 21, 31 However, no previous study had yet determined the effect of blackberry leaf extract on NAFLD. Our previous in vitro study demonstrated that the 50% ethanol extracts of blackberry leaf reduced triglyceride deposition in HepG2 cells better than those of blackberry fruits. 23 In addition, the mixture of blackberry leaf and fruit (2:1) extracts inhibited triglyceride accumulation at a lower dosage than that by the individual extracts. The present investigation revealed that BLF (the mixture of blackberry leaf and fruit 2:1) can prevent NAFLD at a lower dosage than BL or BF. Thus, BLF can be a therapeutic candidate for NAFLD. Triglyceride deposition can be caused by either increased fatty acid synthesis or by decreased oxidation in the liver. In the present study, high-fat diets increased triglyceride deposition, resulting in the development of NAFLD in the NAFLD-control group. The BL, BF, and BLF groups showed a decrease in triglyceride deposition. The decrease may be associated with fatty acid oxidation and the de novo synthesis of fatty acid. 7 The mRNA expression fatty acid synthesis-related enzymes, ACC, FAS, and SREBP-1c, increases, and that of the genes involved with fatty acid oxidation-regulatory enzyme, and CPT decrease in NAFLD. 7 Disruption in mitochondrial fatty acid oxidation is an important factor in the pathogenesis of NAFLD. Malonyl-CoA synthesized from acetyl CoA by ACC, a regulatory enzyme for fatty acid de novo synthesis, can synthesize palmitate by FAS, which plays an important role in fatty acid synthesis. The present study demonstrated that BLF decreased the mRNA expression of FAS, SREBP-1c, and ACC and it increased that of CPT-1, indicating that BLF enhanced fatty acid utilization in the liver and reduced accumulation. The major components that reduce triglyceride deposition may be ellagic acid and cyanidin 3-glycoside. They have been reported to increase mRNA expressions of ACC and FAS, and reduce that of CPT-1. 20, 32 Ellagic acid is reported to reduce hepatic triglyceride deposition and oxidative stress with Akt signaling to ameliorate NAFLD. 32 Therefore, the improvement of NAFLD symptoms in BLF might be associated with the combination of cyanidin 3-glycoside and ellagic acid.
The gut microbiome becomes involved in the host metabolism by fermenting non-digestible carbohydrates, synthesizing vitamins, producing beneficial compounds, and modulation of the immune system. Dysbiosis, which represents alteration of the composition and activities of gut microbiome leading to a deleterious state of the host metabolism, has been linked to obesity, diabetes, inflammatory bowel disease, and NAFLD. 33 Bacteria producing short-chain fatty acids (SCFA) and butyrate-producing bacteria alleviate the symptoms of metabolic disease including NAFLD, and excessive acetate production exacerbates them. 34, 35 In our previous in vitro study, 23 BL and BF changed the production of SCFA: BF increased butyric acid and propionic acid the most, whereas BL increased propionic acid more than that in the NAFLD-control group. BF increased Bidobacteriales and Coriobacteriales. BL decreased Fibrobacterales compared to the NAFLD-controls. Furthermore, Verrucomicrobiaceae, including Akkermansia, was greatly increased in BL and BFL compared to the NAFLD-control group. One of the major categories of gut bacteria, Akkermansia, that were increased in this study, has been recognized to suppress fat accumulation in the body and to improve glucose regulation. 36 Thus, bacteria composition can be modified by BL and BF. The present study demonstrated that BL and BF changed the composition of the gut microbiome, but the changes were not that significant. This might be supported by the difficulty in changing the gut microbiome by probiotics and prebiotics. 37 However, minimal changes were also accompanied by changes in intestinal integrity, surface area, and the number of goblet cells. These changes appeared to be associated with a high content of Lactobacillus and Akkermansia in BLF.
The applications of this study may be limited by the inclusion of only a single-gender (male) and we cannot rule out the possibility that the effects seen it this study are genderspecific. Furthermore, using an animal model limits the applicability of this research to human disease, and the results should be confirmed by human clinical trials.
In conclusion, a high dosage of BL and a low dosage of BLF prevented high-fat diet-induced liver disease by ameliorating oxidative stress and inflammation. BLF improved intestinal integrity with increasing Lactobacillus and Akkermansia. BLF might, therefore, be used as a therapeutic intervention for the management of NAFLD. The effective human equivalent dose of BLF is approximately 1.3 g/day. 38 Authors' contributions: SP and HJY participated in designing the study, receiving funding, and writing the manuscript. SMC and BRM conducted biochemical experiments. JYQ and YH conducted the animal study.
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